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Microscale pumping technologies for microchannel
cooling systems
Vishal Singhal, Suresh V Garimella,† and Arvind Raman
NSF Cooling Technologies Research Center, School of Mechanical Engineering, Purdue
University, 585 Purdue Mall, West Lafayette, Indiana 47907-2088; sureshg@ecn.purdue.edu
A review of the state of the art in micropumping technologies for driving fluid through micro-
channels is presented with a particular emphasis on small-scale cooling applications. An ex-
tensive variety of micropumping techniques developed over the past fifteen years in the litera-
ture is reviewed. The physical principles, engineering limitations, and advantages of
approximately twenty different kinds of micropumps are reviewed. The available micropump-
ing techniques are compared quantitatively, primarily in terms of the maximum achievable
flow rate per unit cross-sectional area of the microchannel and the maximum achievable back
pressure. A concise table is developed to facilitate the convenient comparison of the micro-
pumps based on different criteria including their miniaturization potential, size ~in-plane and
out-of-plane!, actuation voltage and power required per unit flow rate, ease and cost of fabri-
cation, minimum and maximum frequency of operation, and suitability for electronics cooling.
Some important performance characteristics of the micropumps, which are likely to be deci-
sive for specific applications, are also discussed. The current state of the art in micropump
design and fabrication is also comprehensively reviewed. There are 171 references cited in
this review article. @DOI: 10.1115/1.1695401#
1 INTRODUCTION
Decreasing feature sizes and increasing current densities in
microelectronic chips and circuits are causing ever greater
heat fluxes at the chip and component levels. Heat generation
rates in excess of 250 W/cm2 have been projected for some
of the next-generation intensive computing devices @1#. Tra-
ditional electronics cooling approaches such as forced con-
vective air cooling using conventional heat sinks and heat
pipes cannot handle such high heat removal rates.
Among the newer technologies, forced convective liquid
cooling through microchannel heat sinks is one of the more
promising methods for achieving very high heat removal
rates. However, the pressure heads encountered in micro-
channels are very high @2#. This requires the use of an exter-
nal pump to drive the flow through microchannels. Conven-
tional rotary pumps are unsuitable for this purpose due to
their large size and power consumption, especially for per-
sonal computers and mobile electronic devices. In response
to this critical need, novel pumping strategies have been de-
veloped in last two decades, which have been miniaturized to
submillimeter dimensions. These micropumps offer signifi-
cant advantages for future electronics cooling applications,
as they a! are much smaller in size than conventional pumps,
and b! can be potentially integrated into the microchannels.
Micropumps are also an integral part of many MEMS-
based microfluidic devices such as chemical analysis sys-
tems, micromixers, and microdosing systems, with applica-
tions in small-scale electronics, pharmaceutical and medical
devices, telecommunications, and military hardware. Be-
cause of the importance of micropumps in such systems, a
large body of literature has dealt with the design, fabrication,
and analysis of different kinds of micropumps.
Reviews of micropumping technologies developed
through the early 1990s are available in @3–5#. A discussion
of the various actuation principles and pumping techniques is
provided, along with a review of other microfluidic devices.
However, many new micropumping technologies have been
developed since these papers were published. The differ-
ences between fluid mechanics at the macro and microlength
scales, arising from different scalings of forces affecting the
flow, are explored in @6,7#. Models for liquid and gas flows
are discussed along with various applications of MEMS in
fluid mechanics, particularly in flow and turbulence control.
In the area of electronics cooling, however, micropump-
ing needs are very diverse depending on the specific appli-
cation, ranging from low-voltage, low-power pumping solu-
tions required for handheld and other mobile electronic
devices to very high flow rates required for microprocessors
in larger computers. Micropumps for microchannel heat
sinks typically require both high flow rates to meet the high
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heat flux needs, as well as large pressure heads to overcome
the pressure drops. None of the micropump designs pre-
sented in the literature are able to simultaneously meet these
demands.
Several challenges exist in designing micropumps to
achieve both high flow rates and high pressure drops. Most
stem from the fact that the flow and device physics are not
very well understood at the small scales encountered in mi-
cropumps. This is because various forces affecting the fluid
flow and the pump operation scale at different rates with the
device size, and hence, their relative magnitudes at small
scales can be considerably different from those at large
scales.
The true promise of micropumps lies in their potential for
integration into microchannel heat sinks. Because an indi-
vidual micropump may not be able to generate sufficient
pressure head and flow rate, a number of micropumps may
need to be used through the length of the microchannels. The
entire submillimeter microchannel cooling system can then
be integrated directly onto the chip. Because the pressure
head generated by the multiple micropumps will be distrib-
uted through the length of the channels, such a pumping
system design could enable a smaller microchannel wall
thickness in comparison to traditional external pumps. The
further reduction in size of micropumps to tens of microme-
ters while maintaining a reasonably high flow rate can result
in heat transfer rates of more than 1000 W/cm2 @2#. Such a
capability is likely to address the problem of high-
performance electronics cooling for the foreseeable future.
In this article, a comprehensive review of the state of the
art with respect to micropumping approaches for driving
fluid through microchannels is presented with a particular
emphasis on small-scale cooling applications. The physical
principles, engineering limitations, and advantages of micro-
pumps discussed in the literature are included; a quantitative
comparison is provided, in terms of the maximum achievable
flow rate per unit cross-sectional area of the microchannel
and the maximum achievable back pressure. The micro-
pumps are also compared based on criteria such as miniatur-
ization potential, size, actuation voltage and power required
per unit flow rate, ease and cost of fabrication, minimum and
maximum frequency of operation, and suitability to electron-
ics cooling.
The working principles of different kinds of micropumps
are discussed in Section 2. This is followed by a detailed
review of specific micropump designs presented in the litera-
ture in Section 3. Finally, the micropumps are compared
based on several design parameters together with a discus-
sion of their suitability to electronics cooling ~Section 4!.
2 MICROPUMPING TECHNIQUES
This section is devoted to a discussion of the working prin-
ciples of different kinds of micropumps. The most basic de-
sign of each kind of pump is explained, and natural exten-
sions of the design identified. The micropumps considered in
the literature are classified broadly according to their pump-
ing mechanisms into the following categories:
i! Mechanical micropumps: these include rotary pumps,
vibrating diaphragms, and peristaltic micropumps
ii! Electrokinetic and magnetokinetic micropumps: elec-
trokinetic micropumps include electrohydrodynamic ~EHD!
and electroosmotic micropumps, while magnetokinetic mi-
cropumps include magnetohydrodynamic ~MHD! micro-
pumps
iii! Phase change micropumps: these include bubble
pumps and electrochemical pumps
iv! Other/novel micropumps such as flexural plate wave
devices and electrowetting micropumps
Micropumps in any of the above categories can be further
divided into subcategories, for example, the vibrating dia-
phragm and peristaltic micropumps can be divided based on
their actuation principle, ie, piezoelectric, electrostatic, or
thermopneumatic. Vibrating diaphragm micropumps can also
be classified based on the type of valve mechanism used, and
EHD micropumps can be classified as induction type, injec-
tion type, or polarization type.
2.1 Mechanical micropumps
Mechanical micropumps use the motion of an object such as
a gear or a diaphragm to generate the pressure difference
needed to move a fluid. Mechanical micropumps can be di-
vided into three main categories: rotary pumps, vibrating dia-
phragm pumps, and peristaltic pumps.
2.1.1 Rotary pumps
In its most basic form, a rotary micropump consists of a
long-toothed gear in a fluidic chamber with an inlet and an
outlet port @8#. The gear is attached to the rotor of an electric
motor and rotates with the motor. The rotating gear entraps
fluid between the teeth and transports it from the inlet port to
the outlet port. The geometries of the inlet and outlet ports
are asymmetric ensuring that fluid is transported unidirec-
tionally from the inlet to the outlet. The principle is sche-
matically shown in Fig. 1.
2.1.2 Vibrating diaphragm pumps
As shown in Fig. 2a , a vibrating diaphragm pump consists
of a pumping chamber connected to the inlet and outlet
through valves @9#. In the suction mode, as the volume of the
pumping chamber increases, the pressure in the chamber de-
creases. If the inlet pressure is higher than the chamber pres-
Fig. 1 Principle of operation of a rotary micropump
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sure, the inlet valve opens and fluid enters the chamber ~Fig.
2b). In the pumping mode, the volume of the pumping
chamber decreases, the pressure increases, and the fluid dis-
charges through the outlet valve ~Fig. 2c). A variety of ac-
tuation mechanisms and valves have been used in vibrating
diaphragm pumps. Typical actuation mechanisms include pi-
ezoelectric, electrostatic, thermopneumatic, and shape
memory alloys. Vibrating diaphragm pumps have also been
designed using electromagnetic, magnetostriction, and
bubble actuation. Valves used in vibrating diaphragm pumps
can be broadly classified as cantilever or diaphragm type, or
alternatively, as active or passive. In addition, different types
of fixed valves, such as nozzle-diffuser elements and valvu-
lar conduits have also been used. These will be explained in
detail in Section 3.
2.1.3 Peristaltic pumps
As the name suggests, these pumps use peristaltic motion of
a series of actuators to cause pumping action. Most peristal-
tic pumps described in the literature use three pumping
chambers with diaphragms as actuators in series @10#. A
simple operation sequence of such a pump is shown in Fig.
3. When the first diaphragm is actuated, a part of the fluid is
pushed out to the second and third chambers. This also
closes the inlet to the pump. While the first diaphragm re-
mains closed, the second diaphragm is actuated and fluid is
pushed out to the third pumping chamber. Finally, actuation
of the third diaphragm expels the fluid out of the pump. All
three diaphragms are then de-actuated. This sequence is re-
peated continually for pumping action from left to right.
2.2 Electrokinetic and magnetokinetic micropumps
These pumps convert electric or magnetic energy directly
into fluid motion. Most electrokinetic pumps use an electric
field to pull ions in the pumping channel, which in turn drag
along the bulk fluid by momentum transfer due to viscosity.
Magnetokinetic pumps use the Lorentz force on the bulk
fluid to drive it through the microchannel.
2.2.1 Electrohydrodynamic pumps
Induction-type electrohydrodynamic ~EHD! pumps @11# cre-
ate a gradient either in the electrical conductivity or the per-
mittivity of the working fluid. This is achieved by anisotropic
heating of the fluid or through the use of layers of non-
mixing fluids or suspended particles in the fluid. Application
of alternating voltage to the electrodes deposited in the
pumping channel creates electric waves through the working
fluid traveling perpendicular to the conductivity gradient
~Fig. 4a). In the presence of a conductivity or permittivity
gradient, these traveling electric field waves induce charges
at the fluid/fluid and fluid/solid interfaces or in the bulk of
the working fluid. Due to the charge relaxation effect, these
charges lag in phase with respect to the traveling wave. Cou-
lomb forces thus generated move the charges in the same ~or
opposite! direction to that of the traveling wave. These mov-
ing charges carry bulk fluid with them due to viscous effects
and this leads to the pumping action. The direction of fluid
motion can be the same or opposite to that of the traveling
waves depending on the direction of the temperature gradi-
ent.
In injection-type EHD micropumps @12#, electrochemical
reactions at the electrodes cause the injection of free ions
into the bulk liquid. These ions experience Coulomb forces
due to the presence of the electric field. This causes the
movement of ions, which in turn carry the bulk fluid with
them. A basic injection-type EHD pump is illustrated in Fig.
4b .
EHD pumps, in general, work for low-conductivity fluids
such as organic fluids, and nonpolar fluids ~eg, alcohols!. The
induction-type pumps can operate with higher conductivity
Fig. 2 a! Vibrating diaphragm micropump, b! action in the suction
mode, and c! action in the pumping mode
Fig. 3 Structure and operation of a peristaltic micropump. The
flow direction can be reversed by changing the actuation sequence
of the diaphragms.
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fluids. Deionized water can also be pumped by injection-type
pumps, although not very efficiently because of the resulting
electrolysis.
In a polarization-type EHD micropump a nonuniform
electric field is applied to a dielectric fluid @13#. This creates
an electric field gradient in the fluid, which in turn generates
a gradient in the energy of the dipoles in the fluid. The di-
poles in the regions of higher electric field have lower en-
ergy. Hence, in the structure shown in Fig. 4c , dipoles inside
the channel created by the electrodes will have lower energy
as compared to those outside. For this reason, fluid tends to
move into the channel between the two electrodes and this
causes the pumping action.
2.2.2 Electroosmotic pumps
An electroosmotic pump can be realized in a fused silica or
glass capillary, fitted with electrodes on two ends as shown
in Fig. 5 @14#. When an electrolyte solution is filled in such a
capillary, the spontaneous deprotonation of surface silanol
groups negatively charges the surface of the capillary. This
charge attracts positively charged ions and repels negatively
charged ions in the solution, which leads to the formation of
an electric double layer along the inner surface of the capil-
lary. Hence, the charge density along the surface of the cap-
illary is much higher than in the interior. Consequently, when
a voltage is applied between the two electrodes, the body
force experienced by the bulk fluid near the surface of the
capillary is much larger than that experienced by the fluid in
the interior of the capillary. The resulting fluid motion near
the surface is propagated to the interior of the tube due to
momentum transfer by viscous forces. This generates a uni-
form velocity profile across the inner cross section of the
capillary ~Fig. 5b).
2.2.3 Ion-drag pumps
Most electrokinetic pumping mechanisms described above,
such as injection-type and induction-type EHD pumps and
electroosmotic pumps, use ion-drag as the force driving the
fluid. However, most micropumps referred to as ion-drag
pumps in the literature are actually injection-type EHD
pumps.
2.2.4 Magnetohydrodynamic pumps
Magnetohydrodynamic ~MHD! pumps exploit the Lorentz
force generated when a current carrying conductor is placed
in a magnetic field @15#. The direction of the force is mutu-
ally perpendicular to the magnetic and the electric fields. A
schematic of a simple MHD pump is shown in Fig. 6. Elec-
trodes are deposited on the microchannel walls, which create
an electric field across the width of the microchannel. Per-
manent magnets are used to create a magnetic field across the
depth of the channel in a direction perpendicular to that of
Fig. 4 Schematics of a! Induction-type, b! Injection-type, and c!
Polarization-type EHD micropumps. All these pumps are bi-
directional; representative flow directions are shown.
Fig. 5 a! Schematic of an electroosmotic micropump and b! Ve-
locity profile in the channel cross-section. The flow direction can be
reversed by changing the polarity of the electrodes.
Fig. 6 Schematic and operation of an MHD micropump. The flow
direction can be reversed by changing the polarity of the electrodes.
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the electric field. Therefore, a conducting fluid in the micro-
channel experiences a force along the length of the channel,
and this leads to the pumping action. Unlike EHD pumps,
MHD pumps require conductive fluids such as electrolytic
solutions for normal operation.
2.3 Phase change micropumps
2.3.1 Bubble pumps
A typical bubble pump may consist of a closed microchannel
with independently controlled heaters placed along its length
as shown in Fig. 7 @16#. The first heater is switched on for a
sufficiently long time, so that a vapor bubble grows to a
steady size and fills the cross section of the channel. The next
heater is switched on at this stage. The resulting asymmetric
temperature gradient along the length of the bubble causes a
gradient in the bubble vapor pressure. This, together with the
surface tension gradient, creates a pressure gradient along the
length of the channel driving the bubble from left to right in
the channel. This motion of the bubble can be sustained by
switching off the first heater and turning on the third, and so
on sequentially. Because the bubble encompasses the entire
cross section of the channel, it pumps the fluid along with it.
Many other types of pumps based on the growth and collapse
of vapor bubbles have been presented in the literature as will
be discussed in Section 3.
2.3.2 Electrochemical pumps
A simple electrochemical pump might consist of a pair of
closely spaced electrodes in a small reservoir filled with wa-
ter connected to a liquid-filled channel @17#. As illustrated
schematically in Fig. 8, a voltage applied across the elec-
trodes electrolyses the water producing oxygen and hydrogen
gas bubbles. The gas bubbles generate a pumping action by
pushing the liquid in the channel.
2.4 OtherÕnovel micropumps
2.4.1 Flexural plate wave pumps
A flexural plate wave micropump can be fabricated as shown
in Fig. 9 @18#. Fingers of piezoelectric material layers with
thickness of a few micrometers are deposited on a silicon
substrate of comparable thickness. Alternate sets of piezo-
electric fingers are connected to one of two electrodes. The
two sets of piezoelectric fingers are actuated alternately at
very high frequencies. This creates a flexural wave in the
composite membrane, which causes the formation of a high
intensity acoustic field near the surface of the membrane.
This leads to the motion of the fluid present on the mem-
brane in the direction of the waves.
2.4.2 Electrowetting pumps
When a liquid metal such as mercury comes in contact with
an electrolyte solution, the liquid metal-electrolyte interface
becomes charged due to electrochemical reactions, thus
forming an electric double layer. The electric double layer
behaves like a charged capacitor. An electric voltage at the
interface redistributes the charge causing a variation in the
electric potential along the length of the mercury-electrolyte
interface. This causes a gradient in the surface tension along
Fig. 7 Principle of operation of a bubble micropump. The flow
direction can be reversed by changing the sequence of operation of
the heaters.
Fig. 8 Schematic and operation of an electrochemical micropump
Fig. 9 Flexural plate wave micropump: a! Top view and b! Side
view. The flow direction can be reversed by changing the polarity of
the electrodes.
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the interface according to the Lippman’s equation @19#,
which in turn moves the droplet towards the regions of lower
surface tension. By oscillating the electric voltage, the mer-
cury droplet can be made to oscillate periodically in opposite
directions @20#. Although electrowetting can be used for di-
rect fluid handling as in electrokinetic pumps, it is also suited
for use in vibrating diaphragm micropumps. Here the oscil-
lating droplet would push the electrolyte solution, which in
turn would periodically deflect a membrane. This membrane,
as a part of a vibrating diaphragm pump, can be used to
pump any liquid.
3 STATE OF THE ART
A comprehensive literature review is now presented of the
research on the micropumping techniques described in the
previous section. The specifics of the design for each micro-
pump are discussed. Quantitative data for the micropumps




A magnetically actuated rotary micropump was discussed by
Ahn and Allen @8#. The pump is essentially a micromotor
with built-in microchannels for inflow and outflow. As
shown in Fig. 1, the pump consists of a circular pumping
chamber connected to inlet and outlet chambers through mi-
crochannels. A rotor with 10 poles is free to rotate inside the
pumping chamber while the stator coils lie outside the cham-
ber. The six stator pole-pairs are in three phases, with same-
phase pairs located directly opposite to each other.
When a phase coil is excited, the rotor poles located near-
est to the excited stator poles are attracted towards it causing
the rotor to rotate. Consequently, the fluid trapped in the
rotor poles moves from inlet to outlet and that trapped in the
rotor poles nearest to the outlet channel moves out of the
chamber. When these rotor poles are aligned with the excited
stator poles, that phase is switched off and another phase is
switched on ~excited!, thus maintaining continuous rotor ro-
tation. The poles are located and excited such that the rotor
poles at the shortest distance from the excited phase are al-
ways in the same direction, ensuring that the rotor does not
swing back and forth, but rotates steadily. Because the work-
ing fluid is insulated from the current-carrying parts, the
pump can also be used for pumping conductive fluids. The
main advantage of the pump is that the pumped flow is con-
tinuous. Moreover, the flow direction can be easily reversed.
However, the fabrication of the pump is very complex and
likely to be expensive. The size of the micropump and the
fluid channel are 23230.16 mm and 0.230.16 mm, respec-
tively. The diameter of the rotor is 100 mm. Information on
flow rates and pressure heads for this and all other pumps to
be discussed is presented in Tables 1–3.
Figure 10 shows a rotary micropump based on an internal
gear system, as proposed by Weisener et al @21,22#. The in-
ternal toothing of the gears has a hypocycloid contour. The
inner gear has six teeth while the outer has seven. As the two
gears move with respect to each other, the chamber size ~gap
between the two gears! varies, which drives the fluid from
the inlet to the outlet port. The actuation principle of the
micropump was not discussed. The different parts of the
pump were fabricated using electro-discharge machining and
then assembled together. Prototype pumps of two different
sizes were built and tested.
Sen et al @23# demonstrated the feasibility of using vis-
cous forces generated when a rotating cylinder is asymmetri-
cally placed in a channel to pump fluids at low Reynolds
numbers ~0.01–10!. A long cylinder of diameter 0.898 cm
was rotated asymmetrically in a channel filled with glycerin,
which moved the fluid throughout the depth of the channel
with an almost parabolic profile. Effects of variations in ec-
centricity, shape and rotation speed of the cylinder, and the
length of the channel were studied. The average flow veloc-
ity in the channel was approximately 10% of the surface
speed of the cylinder.
A rotary micropump ~Fig. 11! using two gears whose
working principle is very similar to that in @8# was fabricated
by Dewa et al @24#. One of the gears, the driving gear, has a
0.331.0 mm NiFe bar centered on it. The pump body, with
Fig. 10 Structure of the internal-gear rotary micropump @21,22#
Fig. 11 Structure and operation of the two-gear rotary micropump
@24#. The coupling ring and the magnets surrounding the structure
are not shown in the figure. The flow direction can be reversed by
changing the direction of the magnetic field.
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the two gears and the inlet and outlet ports, is surrounded by
a coupling ring which has two permanent magnets clamped
on it. The magnets are placed opposite to each other. The
coupling ring is driven by a conventional electric motor. As
the external motor and the coupling ring attached to it rotate,
the magnetic field in the pump varies. This generates torque
in the NiFe bar which in turn drives the attached gear, thus
causing a pumping action. Since the driving gear and the
coupling ring are not concentric, the NiFe bar experiences a
continuous change in magnetic field. LIGA is used to fabri-
cate various components of the pump, which are assembled
in a tube. LIGA is an acronym for the German Lithographie
Galvanoformung Abformung. The outside diameter of the
pump body ~without the motor and coupling ring! is 3.175
mm. The thickness of the micropump is 600 mm. The inlet
and outlet ports are 0.696 mm in diameter. The pump is
self-priming in nature and is able to pump gases. The pump
was able to generate a large pressure head at the suction side
~see Tables 1–3! and hence could also be used as a compres-
sor.
The motion of a plug of ferrofluid caused due to its inter-
action with a translating magnetic field, brought about by a
rotating permanent magnet, was exploited in a micropump
design by Hatch et al @25#. The structure of the micropump is
shown in Fig. 12. The inlet and the outlet chambers of the
pump are connected through a circular channel of rectangular
cross section. The short section of the circular channel is
filled with a plug of ferrofluid, held in place by a stationary
permanent magnet. A plug of the same ferrofluid rotates in
the long section of the channel because of a translating mag-
netic field. The translating magnetic field is caused by a per-
manent magnet attached to the rotor of an electric motor and
rotating directly above the circular channel. This rotating
plug of ferrofluid pushes and pulls the working fluid from the
inlet chamber to the outlet chamber. When the plug of the
ferromagnetic fluid in the long section of the circular channel
reaches the short section, the two plugs merge. As the trans-
lating magnet moves away, a part of the merged ferrofluid
plug separates out and starts a new pumping cycle. This
leads to a continuous pumping action. The pump was fabri-
cated using silicon micromachining techniques. The circular
channel is 250 mm deep and 2 mm wide. The outer diameter
of the pumping loop is 10 mm. The ferrofluid used is a
suspension of nano-size ferromagnetic particles in a hydro-
carbon, which was immiscible with the working fluid, water.
For motor speeds larger than 8 rpm, the pressure gradient in
the channel was very large and the plug of ferromagnetic
fluid in the long section was no longer coupled to the rotating
permanent magnet. The pump showed an appreciable de-
crease ~up to 34%! in flow rate over a period of two days,
mainly because of degradation of the ferromagnetic fluid.
3.1.2 Vibrating diaphragm pumps
The vibrating diaphragm micropumps may be further classi-
fied according to their actuation mechanism and valving
scheme as in the following.
Piezoelectric actuation. van Lintel et al @26# presented the
first piezoelectrically actuated vibrating diaphragm micro-
pump. The pump uses diaphragm-type passive check valves.
The diaphragm valves consist of a flexural outer ring and a
rigid inner sealing ring. Pressure acting on the valve dia-
phragm deflects the flexible outer ring and hence the sealing
ring. A small piezoelectric disc attached to the glass mem-
brane is used for actuation. Application of an electric voltage
to the piezoelectric disc causes the piezo-glass double layer
to bend inwards into the pump, which pushes the fluid out of
the pumping chamber through the outlet valve. When the
voltage is removed, the disc bounces back, which opens the
inlet valve allowing fluid to enter the pumping chamber. This
reciprocating motion causes the pumping action. Two differ-
ent designs of micropump are presented. The first uses a
two-valve design and the second uses three valves. The extra
valve in the second design is for shielding the flow rate from
the effects of higher outlet pressures. Standard silicon micro-
machining techniques are used for fabricating the pump. The
pump uses a circular diaphragm of diameter 12.5 mm, with
valving diaphragms of 7 mm in diameter. The depth of the
pumping chamber is 0.13 mm. The pump has been used in
designing and implementing a micro Total Analysis System
~mTAS! @27,28# and a flow-regulated micropump @29,30#.
The flow-regulated micropump uses a flow sensor to calcu-
late the output flow rate. A regulator then compares the outlet
flow to a fixed desired output and controls the voltage ap-
plied to the piezoelectric actuator to maintain a constant flow
rate.
Using a similar working principle, but with different de-
signs for the actuation mechanism and passive check valves
compared to those in @26#, Esashi et al @31# proposed a pi-
ezoelectric micropump as shown in Fig. 13. The diaphragm
is connected to a piezo actuator through a 232 mm mesa. A
stack-type piezo actuator is fixed on the other side. When a
voltage is applied to the actuator, it expands and pushes the
diaphragm into the pumping chamber. This increases pres-
sure in the chamber, which opens the outlet valve. As the
voltage decreases, the pressure decreases and hence the inlet
valve opens. The structure of the passive check valves used
in the pump is shown in Fig. 13b . It consists of circular
valve lids, which cover the inlet and outlet ports and are
attached to a fixed ring through arms. Standard silicon mi-
Fig. 12 Ferrofluid-actuated rotary micropump @25#. The flow di-
rection can be reversed by changing the direction of the rotor.
Appl Mech Rev vol 57, no 3, May 2004 Singhal, Garimella, Raman: Microscale pumping technologies 197
cromachining techniques are used for fabricating the pump.
The size of the pump is 8310310 mm and the diaphragm is
4 mm on the side. At 90 V, the calculated pumping rate was
0.022 ml/cycle with a rectangular wave.
Shoji et al @32# used the micropump design presented ear-
lier in @31# to design two kinds of rippleless pumps—a dual
pump and a buffer pump. In the dual pump, two micropumps
are connected in parallel. They are actuated with comple-
mentary periodic two-phase voltages so that they pump al-
ternately. In the buffer pump, a micropump is connected to a
buffer in series. The buffer is driven in a manner that is
complementary to the pump action, such that in the pumping
mode it absorbs part of the outlet flow and pumps it out in
the suction mode. The size of each pump is approximately
20310310 mm.
A check valve with large forward-to-reverse flow ratio
and a large reverse resistance, which can be used in a micro-
pump to generate high pressures of more than 101 kPa ~1
atm!, was further developed by Shoji et al @33#.
Another piezoelectrically actuated micropump is de-
scribed in @34#. The pump was fabricated using stereolithog-
raphy, which makes it possible to create complex 3D struc-
tures. A piezoelectric disc attached to a brass plate is used as
the actuator. Ball valves are used for flow rectification. The
structure of the pump is shown in Fig. 14. As the pressure in
the pumping chamber increases, the outlet ball valve is lifted
up and hence the outlet port opens, whereas the inlet ball
valve firmly covers the inlet port. The pump is cylindrical
with diameter 18 mm and height 5 mm.
Stehr et al @35# presented a novel design of a piezoelec-
trically actuated micropump ~Fig. 15!. The pump does not
use any check valves. Instead, the diaphragm is used to close
the inlet port during the pumping mode, while both the inlet
and the outlet ports remain open during the suction mode.
Hence, fluid comes in both from the inlet and the outlet ports
during the suction mode but goes out only through the outlet
port in the pumping mode. The pump uses an elastic buffer
mechanism and a variable gap mechanism to cause a pump-
ing effect. An elastic buffer membrane is used in addition to
the piezoelectrically actuated diaphragm ~Fig. 15!. During
the suction mode, as the diaphragm is actuated, the amount
of fluid inflow is very small due to the inertia of fluid during
the sudden increase in volume of the pumping chamber. This
is compensated by the deformation of the buffer membrane,
which bends inwards and decreases the volume of the pump-
ing chamber. Then, as the buffer membrane relaxes back, the
fluid enters through both the inlet and outlet ports. During
the pumping mode, as the diaphragm closes the inlet valve in
a short time, the buffer membrane is pushed out. As the
membrane relaxes again, fluid is pumped out through the
outlet port. The resonant frequency of the pump is small
~30–150 Hz!, probably due to the large relaxation time of the
elastic buffer.
The variable gap mechanism uses a variation in height of
the pumping chamber with diaphragm movement and its ef-
fect on the differential pressure in the pumping chamber ~and
hence, on the flow rate through the inlet and outlet valves! to
cause rectification. These two mechanisms working in tan-
dem cause the pumping action. The pumps are able to work
with both liquids and gases and are bi-directional in nature.
The bidirectionality stems from the possibility of using the
pumps at very high frequencies so that there is a phase shift
between the pumping chamber pressure and the diaphragm
motion. This is explained in greater detail in @36#. A pump
with a 7.337.3 mm square diaphragm was able to achieve a
Fig. 13 a! Vibrating diaphragm micropump @31# and b! passive
check valves used in the pump
Fig. 14 Structure of the stereolithographically fabricated micro-
pump @34#
Fig. 15 Structure of the piezoelectric micropump with no valves.
The pump utilizes the elastic buffer and the variable gap mechanism
@35#.
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maximum flow rate of 900 ml/min in the forward direction
and 800 ml/min in reverse for a supply voltage of 150 V and
frequencies of 60 and 140 Hz, respectively. The correspond-
ing maximum back pressures were 6 kPa and 3 kPa, respec-
tively.
The principles of the elastic buffer and variable gap
mechanisms from @35# were also used in the micropump de-
scribed in @37#. The pump was part of a hybrid micro dosing
system. A bossed diaphragm with an attached piezoelectric
disk was used as the actuator. The base size of the pump was
939 mm. The pump was bidirectional and was able to
achieve maximum flow rates of 40 and 80 ml/min in the two
opposite directions with water.
Ederer et al @38# presented a piezoelectrically actuated
micropump to inject small fluid drops in air at a controllable
rate. The pump was designed for automobile applications,
where it could be used to inject fuel drops into the combus-
tion chamber. The pump consists of a piezoelectric actuator
attached to a membrane, which is connected to a chamber
with an inlet port for fluid entry, and micronozzles on the
opposite side of the membrane. The diaphragm is actuated
with a sawtooth-shaped voltage waveform. During increas-
ing voltage, the diaphragm bends outwards which sucks fluid
in from the inlet port. As the voltage starts decreasing, the
diaphragm deflects back, which creates a pressure wave
propagating towards the nozzles. The fluid-air interface at
the nozzles first takes on a concave meniscus and then breaks
away causing flying fluid droplets. The size of the pump
including the chamber for storage of fluid was 19319
310 mm and the nozzle had a circular cross section of di-
ameter 50 mm.
In a design by Park et al @39#, the vibrating diaphragm in
the micropump was replaced by a metal bellows, connected
to a multilayer PZT actuator. The PZT is actuated at the
resonant frequency of the system. In addition, the pump uses
normally-closed cantilever-type check valves. Fluid enters
through the inlet port as the bellows expands and exits
through the outlet port as it contracts. The bellows is cylin-
drical with a diameter of 8.3 mm and a free length of 13.3
mm. The PZT actuator is 535318 mm. The overall size of
the pump is 65332346 mm. In a variation on this pump
design, an additional mass was attached to the free end of the
PZT actuator to achieve higher amplitudes of diaphragm dis-
placement during resonant operation of the pump. A minia-
turized version of this pump is presented in @40#. This min-
iaturized pump is cylindrical with a diameter of 9 mm and a
height of 10 mm. The resonant frequency of the loaded mi-
cropump was approximately 2200 Hz. The effect of valve
thickness on the pressure-flow characteristics was also stud-
ied experimentally.
A piezoelectrically actuated micropump using a screen-
printed PZT layer on a silicon membrane was discussed in
Koch et al @41,42#. The pump uses cantilever-type check
valves. Because of the use of a screen-printed actuator in-
stead of a glued actuator, no alignment of the actuator with
the membrane is required. This makes mass production of
the pump more feasible compared to other designs. The
structure and the working principle of the pump are similar
to other pumps described above. The size of the pump base
was 834 mm and the thickness of the PZT layer was 100
mm. The pump achieved a maximum flow rate and a maxi-
mum back pressure of 120 ml/min and 2 kPa, respectively,
using ethanol for a 600 Vpp sine wave at 200 Hz. A similar
micropump with a surface-mounted PZT actuator layer of the
same size was able to achieve 150 ml/min of flow with a
back pressure of 4 kPa, for a 200 Vpp sine wave at 200 Hz.
The improved performance of the pump with a surface-
mounted PZT layer is attributed to the higher power density
and displacement amplitude of these actuators.
Cunneen et al @43# described a micropump actuated using
thick PZT strips with passive check valves for flow rectifi-
cation. The pump is designed for microdialysis applications.
Hence, the emphasis of the design is on a steady non-
pulsating reproducible flow with a controllable flow rate. The
design of the various pump components and operating pa-
rameters is described. The pump was fabricated using stan-
dard silicon micromachining techniques, and first tested with
a pneumatic drive, using a vacuum/pressurized air supply.
The pump had dimensions of 153431 mm and the dia-
phragm was 232 mm in size. With PZT actuation, the flow
rate could be controlled in the range of 0.1–110 ml/min with
drive frequencies ranging from 0.2–10 Hz. The power input
was less than 1 mW at a frequency of 10 Hz. The lifetime of
the pump was very small ~of the order of 12 to 36 hrs!,
mainly due to degradation in the performance of the polyim-
ide components in the pump.
A piezoelectrically actuated self-priming micropump, able
to pump both liquids and gases, was described by Kaemper
et al @44#. The pump design leads to a very small ~essentially
zero! volume for the pumping chamber with the actuator at a
rest state. The volume of the pumping chamber in the de-
flected state is approximately 10 times that of the rest posi-
tion. The large compression ratio enables an excellent pump-
ing performance even for gases. This also leads to the self-
priming ability of the micropump, as it can build a large
suction pressure and prevent agglomeration of gas bubbles in
the pumping chamber. The pump was fabricated using
micro-mold injection and laser-based techniques and uses a
heteromorphic piezoelectric actuator consisting of a 0.25 mm
thick piezo disc glued to a 0.10 mm thick brass disc and
membrane check valves. The diaphragm is circular with a
diameter of 10 mm. Besides the pressure heads listed in
Tables 1–3, the pump was also able to generate a maximum
suction head ~vacuum! of 35 kPa. The flow rate of the pump
decreased by approximately 10% after 200 hours of use.
Linnemann et al @45# also discussed a piezoelectrically
actuated self-priming micropump. The approach taken to-
wards designing a self-priming pump was similar to that in
@44#. The design decreased the dead volume of the pumping
chamber by decreasing the depths of etch for the valves as
well as for the pumping chamber. This increased the com-
pression ratio of the pump to 1:9, which enabled the pump to
tolerate bubbles present in the fluid, and to self-prime. The
pump used a piezoelectric disc glued to a thin silicon mem-
brane as a diaphragm along with cantilever check valves. It
was fabricated using standard silicon micromachining tech-
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niques along with mechanical grinding. The outer dimen-
sions of the pump were 73731.1 mm, while the dimen-
sions of the diaphragm were 5.735.7 mm.
A piezoelectrically actuated micropump for an implant-
able drug delivery system was reported by Maillefer et al
@46#. The structure and principle of operation of the pump
are based on that described in @26#. High open-loop accuracy
is an important design condition for such systems and hence
good control of the stroke volume of the pump is desired.
For this reason, the range of deformation of the diaphragm is
made small and the actuator is always over-driven to ensure
that the diaphragm hits the boundaries on either side each
time. This makes the pumping volume/stroke insensitive to
most of the parameters. The dead volume of the pump is also
minimized this way, which makes the pump self-priming.
The pump has a novel output valve design, which acts as a
pressure-compensating valve, by applying both inlet and out-
let pressures in the same direction. This renders the pump
flow rate insensitive to outlet pressure. The pump was fabri-
cated using standard silicon bulk micromachining tech-
niques. The size of the pump was 1631231.86 mm. The
pump was able to achieve a controllable flow rate of 0–100
ml/hr with an accuracy of 610% for a rectangular waveform
of 240 V/100 V with the frequency of operation varying
from 0–0.2 Hz. The flow rate was proportional to the pump
frequency. A miniaturized version of the micropump was re-
ported in @47#. This pump uses the same actuation mecha-
nism and principle of operation, but incorporates a new de-
sign of the inlet check valve and the pumping chamber. The
size of the pump base was 6310 mm; this pump was able to
produce a controllable flow rate of 0–2 ml/hr with an im-
proved accuracy of 65%.
Li et al @48# described a piezoelectrically actuated micro-
pump using a cylindrical piezoelectric material element. The
piezoelectric material moves along its axis when actuated.
The pump uses passive check valves for flow rectification.
The piezoelectric element has been integrated with the mi-
crofabrication techniques and the pump uses novel bonding
methods, which enable it to function at high frequencies and
high power densities, thus achieving higher flow rates.
In addition to the micropumps discussed above, a number
of studies have involved modeling and performance analysis
of various kinds of piezoelectric actuators @49–56#. Also,
considerable effort has been spent on simulating and opti-
mizing different aspects of vibrating-diaphragm micro-
pumps, such as the valves @57,58#, diaphragms @59# and net-
work and system models of complete pumps @60–65#.
Electrostatic actuation. Zengerle et al @9# presented an elec-
trostatically actuated micropump using cantilever-type check
valves. The structure of the micropump is shown in Fig. 16.
The pump uses the electrostatic forces generated by a
counter electrode for actuation. As an electrical voltage is
applied between the counter electrode and the silicon mem-
brane, electrostatic forces deflect the membrane outwards to-
wards the counter electrode. Hence the pressure in the pump-
ing chamber decreases, the inlet valve opens, and fluid enters
the chamber. When the voltage is removed, the membrane
bounces back, which increases the pressure in the pumping
chamber. This results in the opening of the outlet valve such
that fluid exits the chamber. This reciprocating motion of the
membrane driven by a rectangular voltage signal causes the
pumping action. The pump was fabricated using silicon mi-
cromachining techniques. The outer dimensions of the pump
are 73732 mm. The square membrane is of side 4 mm and
the distance between the counter electrode and the membrane
is 4.4 mm. The volume stroke of the membrane was between
10 and 50 nl.
An electrostatically actuated bidirectional micropump
similar in structure and working principle to @9# was dis-
cussed in Zengerle et al @66#. This micropump is capable of
pumping fluid in both directions. When the micropump dia-
phragm is actuated at low frequencies ~lower than the first
resonant frequency of the cantilever valves!, the pumping
action occurs in the expected direction. However, as the fre-
quency of the diaphragm is increased beyond the first reso-
nant frequency of the valves, there is a phase shift in the
operation of the valves and the pressure difference driving
the fluid. This leads to pumping action in the reverse direc-
tion. A simple theoretical analysis was presented to verify
this principle. The pump was fabricated using standard sili-
con micromachining techniques. The vibrating diaphragm is
square of side 4 mm and the outer dimensions of the pump
are 73732 mm. For a square-wave excitation voltage of
200 V, the pump achieved maximum flow rates of 250 ml/
min at approximately 1000 Hz and 400 ml/min at approxi-
mately 3200 Hz in the forward and reverse directions, re-
spectively, at zero back pressure. The maximum back
pressure achieved was 31 kPa and 7 kPa in the forward and
reverse directions, respectively. The resonant frequency of
the flap valve in this case was 1600 Hz. For a thicker flap
valve, with a lower resonant frequency, the maximum flow
rate increased in the forward and decreased in the reverse
direction.
A novel electrostatically actuated dual-diaphragm pump
for gases was proposed by Cabuz et al @67#. The pump uses
two diaphragms, with a pumping chamber that is conformal
to the maximum deflection of the two diaphragms as shown
in Fig. 17. Both sides of each diaphragm and the inner walls
of the pumping chamber have a very thin metal electrode
covered with a dielectric. Each of the two diaphragms and
the walls can be actuated separately. Both diaphragms have
several through holes, which are non-coincident between the
diaphragms and with the inlet and the outlet ports. Hence,
when either electrode is fully deflected, it closes the corre-
Fig. 16 Electrostatically actuated micropump @9#
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sponding inlet or outlet port. Also, if the two diaphragms are
moving together, there is no opening through the composite
diaphragm. Thus, when both diaphragms move together from
the inlet toward the outlet port, air is pumped out of the
chamber because the only active opening is the exit port.
After both diaphragms close the outlet valve, the lower dia-
phragm moves back and closes the inlet valve. During this
process, no air goes out of the inlet valve, even though the
diaphragm is pushing it, because the resistance to flow of-
fered by orifices in the diaphragm is much less than that
offered by the inlet valve. Next, the upper diaphragm also
moves back and sticks to the lower diaphragm. The two dia-
phragms then again move towards the outlet valve together.
This process repeats at a frequency of up to 100 Hz, which
leads to the pumping action. The pump can be made to move
air in the opposite direction, simply by changing the direc-
tion in which the diaphragms move together. The pump has
perfect rectification and essentially zero dead volume ~these
terms are discussed in the section on valveless micropumps!.
The pump was fabricated using injection molding. The elec-
trodes and the dielectric film were deposited using evapora-
tion and ion beam sputtering, respectively. An array of 2
3332 pumps of size 4533534 mm was able to provide a
flow rate of 230 ml/min at 160 V.
The simulation and optimization of electrostatic actuators
and micropumps has been described in several studies @67–
70#.
Electromagnetic actuation. An electromagnetically actuated
vibrating diaphragm micropump using membrane-type pas-
sive check valves as shown in Fig. 18 was discussed in
Bo¨hm et al @71#. The electromagnetic actuation mechanism
consists of a permanent magnet attached to the diaphragm ~a
flexible polymer membrane! and surrounded by a coil. When
an alternating current is passed through the coil, Lorentz
forces move the magnet up and down, causing the diaphragm
to vibrate. The membrane valves consist of two valve parts
with a thin membrane in between. Each valve consists of a
valve seat as shown in the figure, and was injection molded.
As the diaphragm is actuated outwards, the valve membrane
moves up from the inlet valve seat and fluid enters the cham-
ber ~Figure 18a). As the diaphragm moves back, the valve
membrane goes back to cover the inlet valve seat and moves
away from the outlet valve seat, so that the fluid goes out of
the pumping chamber ~Figure 18b). The pump was also
tested with piezoelectric actuation. A piezoelectric disc glued
to a brass membrane was used as the diaphragm. The piezo-
electric actuation system is smaller ~pump size 12312
32 mm), much easier to fabricate, and has lower power
consumption. On the other hand, electromagnetic actuation
requires a smaller voltage ~5 V! and has a simple design of
driver electronics as compared to the piezoelectric actuation.
The electromagnetically actuated pump was driven with a
square wave current of 100 mA at 50 Hz for water and at 400
Hz for air, while the piezoelectric pump was driven with a
square wave voltage of 350 Vpp at 50 Hz. For the piezoelec-
tric pump, a maximum flow rate of more than 2000 ml/min
and a maximum back pressure of 12.5 kPa were observed for
water. Tables 1–3 show the capabilities of the electromag-
netic pump. Both kinds of pumps are self-priming.
A design for a vibrating diaphragm micropump based on
electromagnetics was analyzed analytically and optimized by
Gong et al @72#. The deflection of the diaphragms due to a
variable magnetic force ~due to varying the gap between the
Fe-Ni membrane and the magnetic core! on the diaphragm
was analyzed using the finite element method ~FEM!. In ad-
dition, a system model for the micropump was used to opti-
mize the driving frequency of the pump. A novel design of a
Fig. 17 Dual-diaphragm pump @66#: a! Side view and b! Top view
through chamber. The flow direction can be reversed by changing
the actuation sequence of the electrodes.
Fig. 18 Operation and structure of an electromagnetically actuated
micropump @71# ~actuation unit not shown!: a! Suction mode and,
b! Pumping mode
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membrane-type magnetic actuator, in which small magnetic
pieces were embedded in a silicon elastomer membrane, was
proposed by Khoo and Liu @73#. An external varying mag-
netic field was used for actuating the membrane. The perfor-
mance of the actuator was optimized using FEM simulations.
The actuator was fabricated using silicon micromachining
techniques and tested. Another electromagnetic actuator de-
sign was also presented in @74#.
Thermopneumatic actuation. Thermopnuematic actuation was
explored by van de Pol et al @75# for driving a vibrating
diaphragm micropump. The pump uses diaphragm-type cir-
cular passive check valves similar to those described in @26#.
The actuation mechanism consists of a cavity filled with air,
which is connected to an air chamber through small air chan-
nels. One face of the cavity is the silicon membrane.
Meander-shaped ~ ! aluminum heaters are fabricated on
the opposite face within the cavity. On the application of
voltage to the heaters, the temperature and pressure of the air
in the cavity rise. This deflects the pump membrane down-
wards and the resultant pressure buildup in the pumping
chamber causes the outlet valve to open. During this time,
since the air pressure in the cavity is higher than that in the
air chamber, air flows out of the cavity. The pressure in the
cavity returns to the original level, the diaphragm moves
back, and the outlet valve closes. As the heaters are switched
off, the air in the cavity cools down, decreasing the pressure
and causing the membrane to deflect inwards into the cavity.
The inlet valve opens as a result and fluid enters the cham-
ber. During this time, air enters the cavity through the chan-
nels, the pressure goes back to the original level, and the
diaphragm moves back. This repeated process causes the
pumping action. The pump was fabricated using silicon mi-
cromachining techniques. A square silicon membrane of size
7.237.2 mm was used. The pressure and temperature rise in
the cavity were estimated to be 30 °C and 6 kPa ~0.06 atm!,
respectively. The pump is not self-priming and requires a few
J/ml of pumped volume for operation. The main advantage of
thermopneumatic actuation over piezoelectric counterparts is
the much smaller excitation voltage required ~5–6 V as com-
pared to 100 V!. Moreover, in piezoelectric micropumps, the
need for aligning the piezo film with the membrane makes
the fabrication process slower and more expensive.
The thermopneumatically actuated micropump shown in
Fig. 19 was proposed by Wego and Pagel @76#. The pump
uses membrane-type passive check valves for rectification.
The structure and working principle of the valves is similar
to the ones described in @71#. As shown in the figure, both
the valves and the actuator use the same membrane. The
actuator unit consists of thin constantan wires as heating el-
ements in a cavity filled with air. As the heaters are turned
on, the pressure in the cavity rises, pushing the diaphragm
downwards. When the heaters are turned off, the air in the
cavity cools off naturally, causing the pressure to drop and
the diaphragm to move back. The pumping chamber was
designed so that the gap between the chamber walls and the
diaphragm in the fully deformed state is a minimum. This
decreases the dead volume in the pumping chamber and
makes the pump self-priming. The pump was fabricated us-
ing printed circuit board ~PCB! technology as it was simpler
and cheaper than using silicon micromachining techniques.
The circular actuation chamber was 10 mm in diameter. Dif-
ferent kinds of heating elements for the micropump design in
@76# were compared in @77#. Among the four types of heaters
considered and tested, a copper membrane and constantan
cantilever heaters were found to have the highest efficiency
and a copper heater patterned on the PCB had the lowest.
However, the copper heater on PCB was the easiest and
cheapest to fabricate. Constantan wire heaters were most re-
liable, although it was not easy to fabricate or mount them.
Shape memory alloy actuation. The actuation mechanism in
this kind of micropump uses the shape memory effect of
TiNi, which involves a phase transformation between two
solid phases—the high-temperature austenite phase and the
low-temperature martensite phase. The martensite is much
more ductile than austenite and while in this phase, TiNi can
undergo large deformations. When it is heated to the phase-
transformation temperature, TiNi starts to transform to the
austenite phase. During this transformation, TiNi assumes its
initial shape if it is not constrained. However, when con-
strained, it exerts a large force in trying to assume its initial
shape. This effect of shape memory alloys ~SMA! is used for
pump actuation. Two different types of actuators based on
the shape memory effect have been described by Benard
et al @78#. In the complementary actuator pump, two TiNi
actuators are bonded through intermediate spacers as shown
in Fig. 20. Both actuators are flat when deposited, but both
are deflected due to the spacer placed between them during
fabrication. When one of the actuators is heated, the shape
memory effect causes it to become flatter, which moves the
composite actuator and further deflects the other actuator.
The heated actuator is then allowed to cool down and the
other actuator is heated, so that the composite actuator
moves in the other direction. This process is repeated, caus-
ing the pumping action. In the alternative polyimide-spring-
biased micropump design, one of the TiNi actuators is re-
placed by a polyimide layer. Therefore, as the actuator cools,
the only restoring forces arise from the elasticity of the poly-
imide layer. This causes the pumping stroke to be smaller but
achieves chemical and thermal isolation of the fluid from
TiNi. The passive check valves used in the pump for flow
Fig. 19 Vibrating diaphragm micropump using thermopneumatic
actuation @76#
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rectification consist of sealing flaps ~valve lids! attached to
anchors by tethers ~arms!. The working principle of the
check valves was similar to those described in @31#. The
pump was fabricated using silicon micromachining tech-
niques, with the TiNi films being sputter-deposited. Both the
actuators were 8.4 mm square.
A TiNi/silicon bimorph was used for actuating a vibrating
diaphragm micropump in Xu et al @79#. At room tempera-
ture, when TiNi is in the martensite phase and is very ductile,
the bimorph is flat. However, as the bimorph is heated, TiNi
becomes very stiff as it transforms to the austenite phase.
Due to the difference in the thermal expansion coefficients of
TiNi and the silicon substrate, the bimorph is under thermal
stress and hence deforms ~inwards or outwards, depending
on the structure of the bimorph and the relative thermal ex-
pansion coefficients of the SMA and substrate!. When the
bimorph is cooled, it becomes flat again. The pump uses
cantilever-type passive check valves for flow rectification. A
meander-shaped TiNi film is sputter-deposited on top of the
silicon substrate. The pump is fabricated using silicon micro-
machining techniques, has a diaphragm size of 333 mm,
and operates with a square wave current of amplitude 120
mA. The pump has higher flow rate, high frequency of op-
eration, better reliability, smaller size, and simpler structure
as compared to other SMA micropumps.
For applications in microanalysis and microdosing sys-
tems, Makino et al @80# presented a shape memory alloy ac-
tuated micropump as shown in Fig. 21. The actuation mecha-
nism of this micropump consists of a TiNi diaphragm, which
has memorized a flat shape in the austenite phase ~at high
temperature!. The diaphragm is connected to a glass chamber
where the bias pressure can be controlled. If the chamber is
pressurized, ie, the bias pressure is positive, then at room
temperature the diaphragm is deformed ~Figure 21a). When
the diaphragm is heated, it recovers its initial flat shape. As
the heating is turned off and the diaphragm is cooled, it
moves back to the deformed state. This reciprocating motion
of the diaphragm, along with cantilever-type passive check
valves for flow rectification, causes the pumping action. The
diaphragm is resistively heated and air-cooled. The pump
was fabricated using standard silicon micromachining tech-
niques, with the TiNi film deposited using flash evaporation.
The micropump was 1032031.4 mm in size, and the TiNi
diaphragm was 5 mm square. The frequency of the dia-
phragm was 0.2 Hz. The average power input was 0.4 W
while the peak power input was 20 W.
Various aspects of TiNi thin films, such as, thermome-
chanical properties, dynamic response, and fabrication issues
have been analyzed and reported in @81–84#.
Photothermopneumatic actuation. Mizoguchi et al @85# de-
scribed a light-driven peristaltic micropump. The micropump
consists of a channel whose bottom surface is lined with
pre-deflected membranes and the top surface is covered with
a glass plate. Independent chambers ~microcells! are formed
on the other side of the pre-deflected membranes. One such
chamber is shown in Fig. 22. These chambers contain the
working fluid ~Freon 113! and a piece of a light absorber
material ~carbon wool!. An optical fiber connecting the
chamber to a laser source guides light to the chamber. Car-
bon wool absorbs light efficiently and converts it to heat.
This causes Freon 113 to vaporize ~boiling point 47.6 °C),
which leads to a pressure rise in the chamber, and causes the
membrane to deflect. Peristaltic motion of an array of five
such chambers causes the pumping action. Pre-deflected
Fig. 20 Shape memory alloy micropump @78#: a! Suction mode
and b! Pumping mode
Fig. 21 Shape memory alloy micropump with a! no bias pressure
and b! positive bias pressure @80#
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membranes are used because they are able to achieve large
displacements with relatively small forces. The pump was
fabricated using standard silicon micromachining techniques,
with each membrane being 8003800 mm in size with a
channel height of 18 mm. The pump was tested with pneu-
matic actuation and a maximum flow rate of around 40 nl/s
was observed. With laser light, the pump was projected to
achieve a flow rate of around 90 nl/s for water with a power
input of approximately 55 mW.
A few other novel actuation mechanisms for vibrating dia-
phragm micropumps have also been reported in literature.
These include magnetostrictive actuation @86–88#, which is
based on the change in shape of some materials, such as
SmFe and TbDyFe, under the influence of an external mag-
netic field. Quandt and Lutwig @88# reported a maximum
flow rate of 290 ml/min and maximum pressure head of 490
Pa for a magnetostrictive nozzle-diffuser pump using a com-
posite TbFe/Si/SmFe membrane.
Valveless Micropumps. Nozzle-diffuser elements have been
successfully used for flow rectification instead of check
valves in vibrating diaphragm micropumps ~for example,
Stemme and Stemme @89#!. The rectification properties of
these devices stem from the fact that a nozzle-diffuser ele-
ment ~with small angles! has higher flow rate in the diffuser
direction than in the nozzle direction for equal pressure
drops. The operating principle of such a micropump is shown
in Fig. 23. As the volume of the pumping chamber increases
and the pressure decreases, more fluid enters the pumping
chamber from the element on the right which acts like a
diffuser than the element on the left which acts like a nozzle.
On the other hand, as the pressure in the pumping chamber
decreases, more fluid flows out of the element on the left
which now acts as a diffuser, while the element on the right
acts as a nozzle. Thus net fluid transport is achieved in the
pumping chamber from right to left. Using a simple analysis,
Stemme and Stemme derived an expression for the efficiency
of the pump and showed that pumping action exists as long
as the pressure-loss coefficient in the nozzle direction is
larger than that in the diffuser direction. The structure of the
pump is shown in the Fig. 24. The pump was fabricated from
brass. A piezoelectric disc attached to a thin brass membrane
was used for actuation. The pumping chamber was 19 mm in
diameter. The pump was tested with two different sizes of
conical nozzle-diffuser elements with cone half angles of
2.65 deg and 5.35 deg. The pump was able to achieve higher
pumping rates ~Tables 1–3! than pumps with passive check
valves of similar dimensions, in spite of its poor flow recti-
fication properties. This is primarily because it was able to
operate at much higher frequencies, close to the resonant
frequency of the system, which in general, is an order of
magnitude higher than the operating frequencies of pumps
with passive check valves. Further, passive check valves
have a much larger respont time. Therefore, at driving fre-
quencies higher than the first resonance frequency of the
valves, there is a phase shift between the valve motion and
the pressure difference driving the fluid which leads pumping
in the reverse direction @36#.
Olsson et al @90# designed and fabricated a nozzle-
diffuser pump with two pumping chambers in parallel. Each
pump had two vibrating diaphragms acting opposite to each
other, as shown in Fig. 25. All the diaphragms were actuated
piezoelectrically. Planar ~rectangular! nozzle-diffuser ele-
ments were used, where two walls were flat and the other
two were converging/diverging. The diaphragms of the two
pumping chambers were actuated with opposite phases. The
overall flow rate and pressure drop for this mode of opera-
tion was reported to be much higher than their in-phase op-
Fig. 22 One chamber in the light driven micropump of Mizoguchi
et al @85#
Fig. 23 Flow rectification in a valveless micropump: a! Expansion
mode, and b! Contraction mode. The thicker arrows imply higher
volume flow rates.
Fig. 24 Nozzle-diffuser micropump @89#
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eration. The pump was fabricated in brass as in @89#. The
diameter of the pumping chamber was 13 mm and the thick-
ness of the pump was 1 mm.
A miniaturized version of the pump discussed in @90# was
also fabricated in silicon @91#. Three different lengths for the
nozzle-diffuser elements with the same inlet cross section
and diffuser half-angle ~2 deg! were considered. The volume
flow rate was found to increase with increasing length. This
is because the outlet velocity and hence the exit losses de-
crease as the diffuser length increases. Therefore, the use of
longer diffusers ensures that the pressure differential is used
to mostly overcome the pipe losses, thus resulting in greater
flow rates. The diameter of the pumping chamber was 6 mm
and the size of the chip containing the pump was 15
318 mm. The pump thickness was 1.4 mm. Because they
were isotropically etched, the nozzle-diffuser elements had
half-oval cross sections. In @92#, Olsson et al described the
fabrication of a similar micropump using deep reactive ion
etching ~DRIE!, which led to the cross section of the nozzle-
diffuser elements being rectangular instead of half-oval
shaped @91#. The half-angles of the nozzle-diffuser elements
were varied from 3.5 to 6.5 deg. The capabilities of both
kinds of pumps are summarized in Tables 1–3. Cheaper fab-
rication of a similar micropump using thermoplastic replica-
tion was also reported @93#, as was the use of a single cham-
ber pump for fluids containing particles or living tissues @94#.
Piezoelectric actuation was used in a nozzle-diffuser mi-
cropump by Gerlach et al @95#. The nozzle-diffuser elements
were truncated pyramids in shape. Their half-angle was
35.26 deg as compared to much smaller values of 2 to 6 deg
in earlier work @89–91#. At these large angles, flow separa-
tion occurs in the diffuser, which leads to higher pressure
loss coefficients in the diffuser direction than in the nozzle
direction. Hence, a net pumping action is observed in the
nozzle direction ~from left to right in Fig. 23!, which is op-
posite to the pumping direction for the nozzle-diffuser ele-
ments with smaller angles. The pump was fabricated using
silicon micromachining techniques. The base of the pumping
chamber was 10310 mm in size.
Forster et al @96# analyzed and fabricated vibrating dia-
phragm micropumps using nozzle-diffuser elements and val-
vular conduits ~Fig. 26!. Valvular conduits also utilize differ-
ent pressure drop characteristics for flow in opposite
directions to cause flow rectification. All the pumps were
piezoelectrically actuated. The pumps were fabricated using
silicon micromachining techniques. The diameter of the
pumping chamber was 10 mm and the membrane was 150
mm thick for all pumps.
A linear-frequency-domain model of a valveless micro-
pump was developed by Bardell et al @97# for predicting the
frequency response of the diaphragm and fluid mass system.
The parameter values used in the model, such as the mem-
brane stiffness and resonant frequency, and pump chamber
fluid capacitance and inertance, were calculated numerically
and verified against experiments. The model was used to
design a stiffer micropump, which had a smaller pumping
chamber diameter ~6 mm! and larger diaphragm thickness
~500 mm! as compared to the pump in @96#. Jang et al
@98,99# used the micropump design described in @97# to
transport particle-laden fluids. For flow rectification, valvular
conduits @96# were employed. The pump, fabricated using
silicon micromachining techniques, was able to transport flu-
ids with particle sizes of up to 20.3 mm without any change
in the viscous properties of the fluid. For smaller particles of
size 3.1 mm, more than 90,000 particles/s were transported
through the pump. They also found that charged particles had
better pumping performance than uncharged particles. The
smallest cross section of the valves was 1173114 mm.
A nozzle-diffuser micropump with a screen-printed PZT
layer as the actuator on a 100 mm thick silicon membrane
was investigated by Koch et al @100#. The base of the mem-
brane was 834 mm and the PZT layer was 733 mm. At a
half-angle for the pyramidal nozzle-diffuser elements of 35.3
deg, the pump achieved a maximum flow rate of 155 ml/min
and maximum back pressure of 1000 Pa at 600 Vpp and 2
kHz. For an identical pump design, a surface mounted actua-
tor of size 6.2533.25 mm achieved a maximum flow rate of
114 ml/min and maximum pressure of 1 kPa at 240 Vpp and
2.2 kHz. Schabmueller et al @101# presented an optimized
design of this pump with a much smaller dead volume,
which was tolerant to gas bubbles and was able to pump both
liquids and gases. The valve unit was designed so that it
would fit into the membrane unit, which allowed self-
aligning of the pump. The base size of the diaphragm was
737 mm. A 636 mm piezoelectric strip of thickness 250
mm was used for actuation. Pyramidal nozzle-diffuser ele-
ments of half-angle 35.3 deg were used as in @100#.
Electromagnetic actuation for a micropump with nozzle-
diffuser elements was explored by Jiang et al @102#. A plastic
rubber membrane of size 333 mm was used. The nozzle-
diffuser elements composed of several uniform channels
Fig. 25 Structure and operation of the nozzle-diffuser pump pre-
sented in @90#
Fig. 26 Structure of a valvular conduit described in @96# and re-
sultant fluid flow direction
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with sudden expansions/contractions with varying depth of
etch. The half-angle of the nozzle-diffuser elements was 2.5
deg.
A thermopneumatically actuated micropump using
nozzle-diffuser elements for flow rectification was discussed
by Jeong and Yang @103,104#. The pump uses a corrugated
p1 diaphragm ~corrugated diaphragm, doped with boron!,
which is more flexible and facilitates larger-amplitude de-
flections than a flat diaphragm. The actuation principle of the
micropump is similar to that described in @75#, except that
there are no channels connecting the air-filled cavity to the
outside. This enables the pump to work at higher frequencies
because the thermal response time is shorter than that for the
pneumatic case. The air in the cavity is heated resistively and
naturally cooled. The pump was fabricated using standard
silicon micromachining techniques. A square diaphragm of
size 4 mm34 mm32 mm was used. The actuator air cavity
was 5 mm deep. The nozzle-diffuser elements were pyrami-
dal in shape and were 1003100 mm at the neck and 560
3560 mm at the wide end.
Since the performance of nozzle-diffuser micropumps de-
pends on the flow rectification ability of the nozzle-diffuser
elements, many numerical, analytical, and experimental stud-
ies have been directed at better understanding the fluid dy-
namic behavior and flow rectification properties of nozzle-
diffuser elements @105–110#. Other analytical and numerical
studies on nozzle-diffuser micropumps are available in @111–
114#.
In a variation from micropumps with nozzle-diffuser ele-
ments, Matsumoto et al @115# investigated a piezoelectrically
actuated bidirectional valveless micropump. The rectification
principle of the pump is based on the temperature depen-
dence of liquid viscosity, which causes a variation in the flow
resistance. The structure of the micropump, fabricated by
silicon micromachining, is shown in Fig. 27. The pumping
chamber with a piezoelectrically actuated diaphragm is at-
tached to the inlet and outlet through small cross section
chokes. Boron-doped silicon heaters are used to locally heat
the inlet and outlet chokes. When the diaphragm is actuated,
the volume of the pumping chamber decreases and the pres-
sure increases. The outlet choke is heated simultaneously, so
that the local viscosity of the liquid at the outlet decreases
and hence more liquid goes out of the outlet than through the
inlet, and vice versa. The PZT used for actuation was 5
35 mm and the height of the choke was 5 mm.
3.1.3 Peristaltic pumps
Among the first micropump designs proposed was a peristal-
tic micropump with piezoelectric actuation @10#, designed for
insulin delivery applications. The pump had three pumping
chambers and followed the simple pumping sequence de-
scribed in Section 2.1.3 ~Fig. 3!. The structure of this pump
is shown in Fig. 28. The pump was fabricated using silicon
micromachining techniques.
A thermopneumatically actuated planar peristaltic micro-
pump was investigated by Grosjean and Tai @116#. The pump
uses a soft flexible composite silicon/parylene membrane,
which is capable of large deflections, for achieving high flow
rates, and a precision-machined acrylic pumping chamber for
its good sealing properties. The actuation mechanism con-
sists of island resistive heaters suspended in a cavity filled
with a working fluid enclosed on one side by the membrane
and on the other by a glass backplate as shown in Fig. 29.
The pump uses island heaters for faster thermal response
times. When a particular heater is turned on, pressure is gen-
erated in the cavity due to heating of the working fluid,
which pushes the membrane outwards, closes the pumping
chamber, and pushes fluid out of the chamber. The peristaltic
actuation sequence of the three chambers causes the pump-
ing action. The composite membrane and the island heaters
were fabricated using silicon micromachining while the
pumping chamber was machined on a CNC milling machine.
Each membrane was 232.8 mm in size. The working fluids
~fluids in the cavity! studied were 3M PF5080 and air. The
pressure generated in the cavity by the heating was in the
range of 27.5–34.5 kPa ~4–5 psi!. For pumping water, a
maximum flow rate of 4.2 ml/min at 1 Hz was achieved with
PF5080 as the working fluid. The corresponding power input
was 400 mW. Data for air as the working fluid are provided
in Tables 1–3. The pump was also tested with pneumatic
actuation, which yielded a maximum flow rate of 120 ml/min
at 16 Hz for an actuation pressure of 55.16 kPa ~8 psi!.
Under pneumatic operation, the pump was able to pump both
water and air. Both the pumps were self-priming in nature.
Fig. 27 Structure of the valveless micropump presented in @115#.
The flow direction can be reversed by changing the actuation se-
quence of the heaters relative to that of the PZT actuator.
Fig. 28 Peristaltic micropump @10#. The flow direction can be re-
versed by changing the actuation sequence of the diaphragms.
Fig. 29 Thermopneumatically actuated micropump @116#. The
flow direction can be reversed by changing the actuation sequence
of the membranes.
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Method Q pback,max Reference
Rotary - 200 ml/min along with a pressure head of 1 MPa at
4000 rpm for pump with outer diameter of 10 mm and
8 ml/min for pump with outer diameter of 2.5 mm
5 MPa for larger pump and




Rotary Ferrofluidic 47.8 ml/min with a motor speed of 8 rpm for an input
power of 11.6 mW and 22.5 ml/min at 4 rpm
1.37 kPa at 8 rpm and 1.18





Piezoelectric 8 ml/min at 100 V and 1 Hz for the two-valve pump and
0.6 ml/min at 125 V and 0.1 Hz for the three-valve
pump





Piezoelectric 40 ml/min at 100 V and 45 Hz with water for the dual
pump and 30 ml/min at 85 Hz for the buffer pump
15.69 kPa at 100 V and 30
















Piezoelectric ;100 mm3/s at driving frequency of 850 Hz using tap
water













Piezoelectric 1.4 ml/min for water at 220 Hz and 3 ml/min for gases
at 1000 Hz with a rectangular 120 V/240 V signal





Piezoelectric 250 ml/hr at a frequency of 2 Hz with power












34 ml/min with 6 V and square wave frequency of
0.5 Hz







50 ml/min for complementary actuator pump and 6
ml/min for polyimide pump at frequency of 0.85 Hz








4.8 ml/min with a bias pressure of 100 kPa in the glass
chamber






Piezoelectric 16 ml/min with water for the pump with half-angle of
5.35° at 350 V and 310 Hz and 4.3 ml/min with water
at 110 Hz for the pump with half-angle of 2.65°. 35
ml/min with air at 20 V and 6 kHz
7.85 kPa ~half-angle 5.35°);
19.61 kPa ~half-angle






Piezoelectric 16 ml/min at 130 V and 560 Hz for out-of-phase
operation




Piezoelectric 230 ml/min with 120 Vpp square wave voltage at the
resonance frequency of 1318 Hz with methanol




Piezoelectric 260 ml/min for frequencies between 100 Hz and 1 kHz






Piezoelectric 38 ml/min with water for square wave excitation















14 ml/min at 4 Hz for the corrugated diaphragm and
4.3 ml/min at 3 Hz for the flat diaphragm with a square











Piezoelectric 3 ml/min with 175–200 V square and frequency of
50–75 Hz
3.73 kPa Nguyen and
Huang
~2001! @117#Peristaltic 3 ml/min with 175–200 V square and frequency of
50–75 Hz
7.06 kPa
Peristaltic Piezoelectric 100 ml/min with an actuation voltage of 80/220 V and
15 Hz for water
5.88 kPa Smits ~1990!
@10#
EHD Injection-type 2 nl/s for ethanol at a voltage of 100 V Furuya et al
~1996! @120#
EHD Injection-type Projected to be 2.5 ml/min for 1 cm long microchannel
of cross-section 100 mm3100 mm
287 Pa with 120 V Wong et al
~1996! @121#
EHD Injection-type 60 ml/min for ethanol with 120 V DC for channel depth
of 200 mm and 20 ml/min for the channel depth of
100 mm
100 Pa and 250 Pa for
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Nguyen and Huang @117# presented a piezoelectrically ac-
tuated nozzle-diffuser and a peristaltic micropump fabricated
using PCB technology. Both the nozzle-diffuser pump and
the peristaltic pump had nonplanar designs and used circular
brass membranes of diameter 15 mm glued to piezo discs of
12 mm diameter for actuation. By testing pumps with differ-
ent spacings between the two nozzle-diffuser elements, it
was found that the smaller spacing leads to a better pump
performance. The peristaltic pump generated a higher water
flow rate ~1.5 ml/min compared to 220 ml/min! and a higher
back pressure ~7.06 kPa compared to 3.73 kPa! than the
nozzle-diffuser pump with the same excitation signal, a 100
V square wave at 50 Hz.
Cao et al @118# presented a design for a normally-closed
piezoelectrically actuated peristaltic micropump for micro-
dosing applications. The inlet and the outlet ports of the
pump were closed, with valve-closers attached to the mem-
branes of the first and last pumping chamber, respectively,
when these membranes are not actuated. However, when one
of these membranes is actuated, it deflects and hence the
valve-closer moves away and opens the corresponding port.
Analytical and FEM studies were performed for optimizing
the performance of this micropump.
The peristaltic mechanism was also used for the photo-
thermopneumatically actuated micropump described earlier
@85#.
3.2 Electrokinetic and magnetokinetic micropumps
3.2.1 Electrohydrodynamic pumps
Injection type. An injection-type EHD pump for pumping
polar fluids was proposed by Richter et al @12,119#. The
pump consisted of two grids each measuring 333 mm. The
separation between the two grids was 350 mm. Both grids
have square holes of either 70 or 140 mm. The structure of
the pump is shown in Fig. 30. The pump was fabricated
using silicon micromachining techniques. The pump was
tested with organic liquids such as ethanol, propanol, metha-
nol, and acetone ~Tables 1–3!. Deionized water was also
tested, but was found to electrolyze at high voltages, which
led to the formation of gases and a degradation of the pump
performance.
An ion drag pump was fabricated by Furuya et al @120# as
an application of magnetically controlled RIE of fluorinated
polyimide. Grids of poles of diameter 15 mm and height 100
mm were used as the electrodes. The 400 mm wide cross
section of the pumping channel contained grids of 18 such
poles. Pairs of such grids formed counter electrodes and were
placed through the length of the channel. The micropump
achieved a flow rate of 2 nl/s for ethanol at a voltage of 100
V. The low flow rates indicate that the electrodes probably do
not inject ions into the pumping fluid. Instead, the pumping
action appears to be caused merely due to the ionic impuri-
ties in ethanol.
An injection-type EHD pump designed for electronic
cooling applications was proposed by Wong et al @121#. The
structure and working principle of the pump were similar to
the pump described in @119#. The pump was fabricated by





Method Q pback,max Reference
Electroosmotic 3.6 ml/min at 2 kV with deionized water and 17 ml/min
at 10 kV
2.38 MPa at 2 kV and 3.63
MPa at 10 kV
Zeng et al
~2001! @127#
Electroosmotic 1 ml/min for water at 200 V and 7 ml/min for 1 mM
borate buffer solution
25.33 kPa for water and




MHD 20 ml/s at 14 V with 2% NaOH solution Heng et al
~2000! @142#
MHD 63 ml/min with sea water with a magnetic field density
of 0.44 T and current level of 1.8 mA





Bubble 0.5 nl/min with multiple-bubble operation for
isopropanol
800 Pa Jun and Kim
~1996! @16#
Bubble 300 ml/min with input power in the range of 8–12 W
with deionized water





Piezoelectric Maximum flow velocity of 130 mm/s at an actuation






Piezoelectric Maximum flow velocity of 120 mm/s near the focus for




Fig. 30 Structure of the injection-type EHD pump @12,119#. The
flow direction can be reversed by changing the polarity of the elec-
trodes.
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sisted of two silicon grids with gold electrodes deposited on
one side. The grids had circular holes of diameter ranging
from 76 to 102 mm and were spaced 102 to 254 mm apart.
The size of the two grids was 4.5733.81 mm and that of the
silicon structures containing the grids was 7.8738.64 mm.
The spacing between the gold electrodes varied from 50 to
330 mm. The power input to the pump was in the range of a
few watts.
Ahn and Kim @122# presented a planar injection-type
EHD micropump. The design and actuation principle of the
pump was similar to @120#, in that there were pairs of equally
spaced electrodes through the length of the channel. How-
ever, the electrodes were deposited on the surface of the
pumping chamber and spanned the width of the channel. The
pumping action was from the positive to the negative elec-
trodes because the positive ions are less mobile than the
negative ions. Each electrode was 100 mm wide and the
spacing between the counter electrodes was also 100 mm.
Thirty electrode pairs were used along the length of the chan-
nel, with a spacing between each electrode pair of 200 mm.
The channel was 3 mm wide and 30 mm long. Pumps with
two different channel depths of 100 mm and 200 mm were
fabricated by silicon micromachining. The pump was bidi-
rectional with similar performance in both directions, and the
switching time ranged from a few seconds to 1 to 2 minutes
for different fluids.
Induction type. A microfabricated induction-type EHD pump
for fluids with low thermal conductivities was discussed in
Bart et al @11#. The pump consisted of 10 mm wide, 1.75 mm
thick, and approximately 250 mm long silicon electrodes
which were electrically isolated from the substrate. These
electrodes were spaced 10 mm apart. The structure of the
pump was similar to that shown in Fig. 4a . Every third
electrode was connected to one phase. These three phases
were connected to a three-phase square wave. Low viscosity
semi-insulating silicone oil was the working fluid. The au-
thors observed pumping action for frequencies ranging from
1 Hz to 2 kHz and reported that lower frequencies led to
better pumping performance. However, no quantitative data
were provided. The source of charge induction was not men-
tioned.
An induction-type EHD pump which was also able to
pump fluids with high thermal conductivities was proposed
by Fuhr et al @123,124#. The structure of the pump was very
similar to the one described in @11#; however, it used much
higher driving frequencies and electrodes of smaller width
and spacing. Temperature gradients caused by anisotropic
heating by the traveling waves generate the electrical con-
ductivity and permittivity gradients required for charge in-
duction. The pump consisted of 30 mm wide electrodes
spaced 30 mm apart in a 50 to 500 mm deep, 70 to 700 mm
wide, and 4 mm long closed pumping channel. A maximum
flow rate of 5 ml/min was reported in this study ~additional
data in Tables 1–3!. The switching time for reversing the
flow direction was a few seconds. In further work, Fuhr et al
@125# described induction-type EHD pumps with electrode
widths of less than 1 mm which were able to pump water
with an excitation voltage of 1 to 3 V.
Moesner and Higuchi @126# discussed induction-type
EHD devices for transporting particles in the diameter range
of 5 to 400 mm.
Polarization type. A polarization-type EHD micropump
which was used to pump liquids in the vertical direction was
reported by Darabi et al @13#. The pump was part of an in-
tegrated cooling system, which also had a thin film evapora-
tive cooling system and temperature sensors. The pump con-
sisted of 10 or 20 mm wide electrodes deposited on a
polished quartz wafer at a spacing of 50 and 100 mm, respec-
tively. One free end of the electrodes was dipped into the
fluid chamber containing R-134a. The nonhomogeneous
electric field acting at the free end of the electrodes force the
dipoles to move up between the electrodes ~to the regions of
higher electric field density!, which leads to the pumping
action. No flow rate measurements were reported.
3.2.2 Electroosmotic pumps
An electroosmotic micropump fabricated in a packed capil-
lary was investigated by Zeng et al @127,128#. The pumping
channel of the micropump consisted of a 500 to 700 mm
diameter fused-silica capillary densely packed with 3.5 mm
diameter nonporous silica particles. The particles were held
in the capillary by using porous silicon frits on either end of
the capillary. The electric field was generated by electrodes
outside the capillary. The diameter and the length of the
pump were 530 mm and 5.4 cm, respectively. A variation of
this pump design for achieving higher flow rates ~Tables
1–3! was reported in @129#. The pumping channel fabricated
in acrylic was approximately 1 cm in diameter and 2 to 4
mm in length. It was surrounded on either side by 5 mm
thick frits, resulting in a total channel length of 15 mm. The
larger pumping cross-sectional area and smaller length of the
pumping channel were considered responsible for achieving
the higher flow rate than in @127#. Even larger flow rates
were achieved in this manner in @130#. In this design, a sin-
tered glass frit of thickness 1.5 to 3 mm was used as the
pumping channel. It was surrounded on either side by an
inlet and an outlet fixture which contained the electrodes and
the inlet and outlet ports.
Chen et al @131# described a planar electroosmotic micro-
pump fabricated on a glass substrate using silicon microma-
chining techniques. The closed pumping channel was 1 mm
long, 0.9 mm deep, and 38 mm wide. A maximum flow rate
of 2.5 ml/min and maximum pressure of 152 kPa ~1.5 atm!
were reported for deionized water with a power supply of 3
kV and 7 mA. The flow rate of the pump decreased more
than 100-fold over a period of eight weeks, although the
pressure head remained fairly constant.
Other experimental and theoretical investigations on elec-
troosmotic pumping in microchannels are reported in
@14,132–139#.
3.2.3 Magnetohydrodynamic pumps
The MHD pump illustrated in Fig. 31 was discussed in Lem-
off et al @15# and Lemoff and Lee @140#. The pump uses the
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Lorentz force generated when an electric field through the
working fluid interacts with a perpendicular magnetic field.
The electric field is generated by application of an AC volt-
age between electrodes deposited on sidewalls of a V-groove
microchannel. The magnetic field is generated by applying a
synchronous AC voltage to an electromagnet placed directly
beneath the microchannel. The microchannel depth and top
width were 380 and 800 mm, respectively. The total length of
the channel was 20 mm. The pump was tested in a closed
loop, so as to avoid any additional pressure head from con-
necting tubes or channels. The electromagnet core measured
6.35 mm in diameter and height. The voltage and current
amplitudes for the electromagnet were 25 V and 320 mA,
respectively, and for the electrodes were 6.6 V and 140 mA,
respectively. The frequency of both voltages was 1 kHz. An
AC instead of a DC electric field was used because the DC
electric field electrolyses the aqueous solution. Bubbles
formed from the electrolysis would hamper the performance
of the electrodes. However, a high frequency AC electric
field reverses the chemical reactions sufficiently rapidly so
that bubbles do not have a chance to form.
Heng et al @141,142# described DC and AC versions of an
MHD micropump. The electric field in the DC pump was
generated by applying a direct voltage to the nickel elec-
trodes deposited on the sidewalls of a microchannel. A pair
of permanent magnets was used for the magnetic field. This
pump achieved a maximum flow rate ~Tables 1–3! with a
voltage of 14 V. At higher voltages, bubble generation hin-
dered the pump performance. In the AC pump, an alternat-
ing, instead of a direct, voltage was used to generate the
electric field. However, such a system will not lead to a
pumping action because the direction of the Lorentz force
will also alternate with the voltage. Therefore, nozzle-
diffuser elements were used to achieve flow rectification.
Flow characteristics of the AC pump were not reported.
Permanent magnets were employed to generate the mag-
netic field in a DC MHD pump by Jang and Lee @143#. The
aluminum electrodes for generating the constant electric field
were deposited on the top and the bottom of a closed silicon
microchannel of height 0.4 mm, width 1 mm, and length 40
mm. Electrolysis of seawater and subsequent bubble forma-
tion were found to lead to higher than expected flow rates
and pressure heads.
3.3 Phase change micropumps
3.3.1 Bubble pumps
Two actuation mechanisms for bubble pumps were discussed
by Jun and Kim @16,144#. In the first mechanism, called the
single-bubble mechanism, asymmetric heating of a vapor
bubble spanning the cross section of a closed microchannel
causes a gradient in vapor pressure and surface tension along
the length of the bubble, in turn creating a pressure gradient
which leads to the pumping action. In the second mecha-
nism, the multiple-bubble mechanism, multiple bubbles,
each spanning the cross section of the microchannel, are gen-
erated in sequence from one end of the microchannel to the
other. The existing bubbles act as anchors or check valves
during the formation of new bubbles. Hence the fluid dis-
placed due to the formation of new bubbles moves in one
direction. The operation of pump under both mechanisms is
shown in Fig. 32. The pump was fabricated using silicon
micromachining techniques and consisted of a closed micro-
channel 2 mm high, 30 mm wide, and 726 mm long. Three
polysilicon heaters of thickness 0.7 mm were deposited on
the top surface of the microchannel. During the operation of
the pump, these heaters were actuated using individual
phases of a 3-phase square wave power supply of amplitudes
ranging from 18–26 V, pulse width ranging from 0.25–1 s,
and pulse overlap ranging from 50–90%. For large voltage
amplitudes and large pulse widths, the pump operated in a
single-bubble mode, while for low voltages and short pulses,
operation in a multiple-bubble mode was observed. A pump
employing the single-bubble actuation mechanism was also
presented by Ozaki @145#. Theoretical models for single- and
multiple-bubble pumps have been reported in @146–148#.
A variation of the single-bubble micropump has been used
for the pumping of discrete liquid droplets in microchannels.
The mechanism, known as a thermocapillary pump, involves
heating one end of a droplet, which causes a difference in
surface tension and hence a pressure drop between the two
Fig. 31 Cross-section of the MHD pump presented by Lemoff and
Lee @140#. The pumping direction is perpendicular to the plane of
the paper.
Fig. 32 Operation of the bubble pump of Jun and Kim @16,144#
under a! single-bubble mechanism and b! multiple-bubble mecha-
nism. The flow direction can be reversed by changing the actuation
sequence of the heaters.
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ends of the droplet. Sammarco and Burns @149# presented a
thermocapillary pump using this principle for chemical
analysis systems and reported a maximum droplet velocity of
20 mm/min for toluene. Models for thermocapillary pumping
are available in @150,151#.
The asymmetry in surface tension forces experienced by a
growing and collapsing bubble in a nonuniform cross section
microchannel carrying electrically conducting liquid was ex-
ploited in a bubble micropump by Geng et al @152#. The
structure of this micropump is shown in Fig. 33. The pump
consists of two plexiglass cylinders of inner diameters 0.8
mm and 1.6 mm. A short narrow channel of diameter 500
mm is connected to the smaller cylinder. This channel is
connected to the larger cylinder through a gradually expand-
ing connector of an approximately conical shape. Hollow
stainless steel needles with outer diameter slightly smaller
than the inner diameter of the plexiglass cylinders are con-
nected to two salt water reservoirs. When an electric voltage
is applied between the two needles, the higher current den-
sity in the small channel leads to localized heating and for-
mation of a vapor bubble. If the voltage is maintained, the
bubble grows and fills the conical portion and a part of the
larger cylinder. A difference in curvature of the bubble
causes a difference in the surface tension forces, which cre-
ates a pressure difference in the channel. Hence, when the
voltage is removed, the bubble does not collapse at the point
where it originated, but some distance down the conical
channel, which causes a net movement of the fluid, and
hence a pumping action. At maximum flow rate, the fre-
quency of bubble formation was approximately 10 Hz. The
pump can also be made to work with dielectric liquids by
using resistive heaters deposited in the conical section.
Another concept for a bubble micropump as illustrated in
Fig. 34 was proposed by Tsai and Lin @153#. The pump con-
sists of a circular pumping chamber of diameter 1 mm and
depth 50 mm connected to a pair of planar nozzle-diffuser
elements of width 30 mm at the neck and 274 mm at the wide
end ~half-angle 7 deg!. The pump is covered with a Pyrex
glass wafer with meander-shaped aluminum heaters depos-
ited above the pumping chamber. When the heaters are
turned on, an expanding bubble pushes fluid out of the
pumping chamber and when they are turned off, pressure
drop due to the shrinking bubble causes fluid to enter the
pumping chamber. The nozzle-diffuser elements cause flow
rectification, which leads to a pumping action in the diffuser
direction. The pump was actuated using two different modes
based on the heater pattern used: single-bubble or dual-
bubble. A maximum flow rate of 5 ml/min was achieved in
the single-bubble mode with a power consumption of 1 W
and frequency of 250 Hz. The corresponding quantities in the
dual-bubble mode are presented in Tables 1–3.
Song and Zhao @154# presented a bubble micropump with
structure and working principle similar to the single-bubble
pump in @144#. The micropump consisted of 12 Pyrex glass
tubes connected in series, each of inner diameter 1.0 mm and
length 31.0 mm. Twelve equally spaced constantan wire so-
lenoid heaters of inner diameter 0.6 mm, outer diameter 1.0
mm, and length 30.0 mm were inserted into the tubes.
3.3.2 Electrochemical pumps
An electrochemical micropump which implements the
pumping mechanism described in section 2.3.2 was investi-
gated by Bohm et al @17#. The pump consisted of a meander-
shaped channel and a connected reservoir etched in a silicon
wafer, with a Pyrex glass sheet with platinum electrodes as a
cover. The pump, designed for microdialysis applications,
had a very accurately controlled flow rate with a linear rela-
tionship between the volume pumped and the current ap-
plied. A flow rate of more than 3 ml/min was reported at a
current of approximately 300 mA.
Fig. 34 Operation of the bubble pump presented by Tsai and Lin
@153# when a! heaters are on ~bubble expanding! and b! heaters are
off ~bubble collapsing!
Fig. 35 Flexural plate wave device @18,156#. The flow direction
can be reversed by changing the polarity of the electrodes.
Fig. 33 Structure of the bubble micropump presented by Geng
et al @152#
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3.4 OtherÕnovel micropumps
3.4.1 Flexural plate wave devices
The structure of a flexural plate wave device @18,155,156# is
shown in Fig. 35. It consists of a 2 mm thick membrane of
low-stress silicon nitride formed on a 250 mm thick silicon
wafer. A 1 mm piezoelectric zinc oxide layer is sputtered
below it and 0.4 mm thick aluminum interdigital electrodes
are formed below that. The typical size of the membrane is
833 mm and the period of the interdigital electrodes, ie, the
spacing between the adjacent electrodes of the same polarity,
is 100 mm. Actuation of the piezoelectric layer causes for-
mation of flexural plate waves with velocities of several hun-
dred m/s. In the devices investigated, these waves led to the
motion of deionized water ~Tables 1–3!. They were also used
for transporting solid particles. For instance, silicon flakes of
cross section 1003250 mm and 2503500 mm with a thick-
ness of 2 mm were transported in an ambient of air at 2 cm/s
at a 10 V actuation voltage. Moroney et al @157# used circu-
lar, instead of flat, interdigital electrodes to concentrate
acoustic energy, which led to larger amplitude waves and,
hence, larger streaming velocities. The inner and outer radii
of the electrodes were 2 and 4 mm, respectively, and the
aperture angle was 40 deg.
A flexural plate wave device fabricated by silicon micro-
machining techniques was investigated by Luginbuhl et al
@158,159#. The device, essentially a composite membrane,
consisted of a 1 mm silicon nitride layer followed by a Ta/Pt
~10 nm/150 nm! ground plane, a 750 nm layer of sol-gel
derived PZT, and Ta/Pt ~10 nm/150 nm! interdigital elec-
trodes. Membranes with two different sizes, 832 mm and
831 mm, were fabricated. The period of the interdigital
electrodes was 100 mm. Motion of glass microspheres ~50–
250 mm! with a maximum velocity of 20 cm/s was observed.
A micropump with inlet and outlet apertures perpendicular to
the membrane was fabricated and pumping of water with a
flow rate of 0.25 ml/min was reported.
A micropump using flexural waves for actuation was pro-
posed by Black and White @160#. The pump consisted of a
closed microchannel, 300 mm wide and 16 mm deep. The
bottom surface of the channel consisted of a composite mem-
brane of silicon nitride, zinc oxide, and interdigital elec-
trodes, similar to the one presented in @155# ~Fig. 35!. Holes
in the glass lid used as the channel ceiling were used as inlet
and outlet ports.
Investigations on flexural plate wave devices have also
been reported in @134,161–163#.
3.4.2 Electrowetting micropumps
Yun et al @20# presented a micropump using actuation by
continuous electrowetting. The structure of the micropump
fabricated using silicon micromachining techniques is shown
in Fig. 36. The actuation unit consists of a mercury drop in
an electrolyte-filled microchannel with platinum electrodes
on either end. When a voltage is applied across the elec-
trodes, the mercury droplet moves along the channel, push-
ing along the electrolyte solution. This creates a pressure
gradient which deflects the membranes. A voltage gradient in
the opposite direction causes the mercury droplet to move
back, causing a reverse pressure gradient and resultant de-
flection of membranes. Passive check valves are used for
flow rectification. Three different kinds of membranes, sili-
con rubber, Parylene C, and composite silicon rubber/
Parylene C, were used. Each membrane was 535 mm in
size.
An investigation of electrowetting as an actuation mecha-
nism for micropumps has also been reported by Matsumoto
and Colgate @164#. Other studies that have considered elec-
trowetting as an actuation mechanism are described in @165–
168#.
Namasivayam et al @169# presented a micropump based
on liquid motion to compensate for diffusion from a pinned
meniscus. The structure of the micropump is shown in Fig.
37. Hydrophobic patches are formed at the end of the micro-
channel by selective hydrophobic patterning. Liquid from the
reservoir enters the microchannel by capillary action till it
reaches the hydrophobic patch. The liquid meniscus at the
hydrophobic end is heated. This causes evaporation of the
liquid from the meniscus. The resulting vapor is exhausted
by an air stream in the perpendicular channel. Because the
meniscus is pinned, more liquid enters the channel to main-
tain the steady state and results in a pumping action. The
flow rate in the channel can be controlled by the evaporation
rate. This in turn can be further controlled by the amount of
heat supplied or the velocity of the air stream. The pump
provides continuous non-pulsatile flow. A maximum velocity
of approximately 550 mm/s was reported for water.
Fig. 36 Electrowetting micropump @20#
Fig. 37 Structure of the micropump presented by Namasivayam
et al @169#
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Fig. 38 a! Maximum flow rate per unit cross-sectional area at zero back pressure and b! maximum back pressure at zero flow rate of
various micropumps presented in literature. The maximum back pressure was not reported for the Shape Memory Alloy pump @79#,
Induction-type EHD pump @123,124#, MHD pump @140# and Flexural Plate Wave pump @160#.
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4 EVALUATION AND COMPARISON
OF MICROPUMPING TECHNIQUES
The large variety of micropumping techniques presented in
Section 2 and the specific micropump designs covered in
Section 3 are compared in this section with respect to their
suitability in integrated microchannel cooling systems.
A quantitative comparison of various micropumps ~for
which fairly complete quantitative descriptions were avail-
able! is presented in Table 1. The pumps are compared based
on their maximum reported flow rate per unit area, maximum
achievable back pressure, voltage, power input, and fre-
quency of operation for peak performance. The use of flow
rate per unit area scales out the direct effect of pump size on
flow rate. One of the critical parameters for a pump in a
cooling system is the surface area of the pump. Hence for
vibrating diaphragm micropumps, the cross-sectional area of
the pumping chamber is used for determining flow rate per
unit area. The area covered by the valves and that devoted to
the electrical and fluidic connections are not included as they
could potentially be minimized in an integrated system.
Moreover, some parts of a pump, such as the nozzle-diffuser
elements, can be considered as parts of the microchannel
cooling system itself. For this reason, only the cross-
sectional area of the electrodes or that of the channel under
the electric/magnetic field has been used for EHD, MHD,
and electroosmotic pumps. However, the cross-sectional
sizes of the pumps reported in the table include the sizes of
all the fluidic and electrical connections.
These pumps are also compared in Table 2 based on more
qualitative features, such as the ability to pump different liq-
uids, type and ease of the fabrication method used, and other
advantages and disadvantages of these pumps which render
them suitable or unsuitable for certain applications. In addi-
tion, the presence of moving parts is noted, as is the ability
of the pump to pump fluids bi-directionally. The miniaturiza-
tion potential of different pumps has been estimated. In ad-
dition, their suitability to electronics cooling with respect to
their use of heat, or electric or magnetic fields, as part of the
actuation mechanism, is reported. The presence of a mag-
netic or electric field may interfere with the proper function-
ing of electronic devices, while heating of the working or
driving fluid can defeat the purpose of the pump in such
applications. However, it is possible to insulate electronics
from the imposed magnetic/electric fields in a relatively
straightforward manner, and designs can be envisioned for
various bubble pumps and thermopneumatically actuated
pumps where the heat from the chips is used for actuation.
This could reduce the power requirement and provide indi-
rect cooling as well.
In cases of micropump designs for which less complete
quantitative information was provided in the original refer-
ences, Table 3 summarizes such data.
To illustrate the potential of different pumps graphically,
the maximum flow rate per unit area as well as the maximum
back pressure are plotted in Fig. 38a and 38b , respectively,
for all the pumps presented in Tables 1 and 2. It can be
observed that, in general, the pumping techniques using sur-
face effects such as electroosmosis and flexural plate waves
perform better in terms of flow rate per unit area. However,
as can be noted from Table 1, these pumps use very shallow
channels to maximize surface forces. On the other hand, in a
microchannel cooling system, channel depths would be
much larger and surface effects less dominant.
Some comparative remarks about the suitability of vari-
ous micropumping techniques available in the literature un-
der specific constraints are in order. The pumps with the
highest flow rate per unit area presented in the literature are
the nozzle-diffuser micropumps with piezoelectric actuation,
injection-type EHD pumps, electroosmotic micropumps, and
flexural plate wave pumps. However, most pump designs
have not been rigorously optimized, and with design im-
provements, rotary pumps and other actuation schemes such
as shape memory alloys also have the potential to achieve
high flow rates. In particular, the optimal microchannel
widths for integrated electronics cooling applications are
known to be in the range of 50 to 100 mm, with channel
aspect ratios of 4 to 6 @170,171#. Nozzle-diffuser and EHD
micropumps are therefore best suited for this application be-
cause they have good miniaturization potential and use body
forces instead of surface effects for actuation. Electroosmotic
micropumps can be attractive as external pumps ~not inte-
grated into the microchannel heat sink! because of the high
back pressures achievable as well as their simple structure
and lack of moving parts. At present, therefore, for the sug-
gested dimensions of microchannels, micropumps relying on
body forces rather than surface forces are best suited for heat
sink applications. However, if technological advances make
it possible to use smaller wall thicknesses in the heat sinks,
the optimal microchannel dimensions for integrated electron-
ics cooling may decrease to around 5–10 mm. At such small
dimensions, the surface forces may start to dominate volume
forces, and surface forces-based pumping mechanisms such
as electroosmotic, flexural plate waves, and electrowetting
pumping may become more suitable.
Among the micropumps presented in the literature, vibrat-
ing diaphragm micropumps with check valves, electroos-
motic pumps, and valveless micropumps using nozzle-
diffuser elements achieve the highest pressure heads, in that
order. If the power input to the micropump is a constraint,
electrowetting micropumps are ideal because they have mini-
mal power requirement per unit flow rate. Vibrating dia-
phragm micropumps using electrostatic actuation also have
low power requirements. Moreover, vibrating diaphragm
pumps operating specifically at the resonant frequency of the
system have the potential to achieve very high flow rates per
unit power input.
5 CLOSURE
A detailed description of the available techniques and con-
cepts for micropumping is provided, complete with illustra-
tive diagrams. A comprehensive review of the state of the art
with respect to particular micropump designs discussed in
the literature is also presented. The applicability of various
micropumping techniques for electronics cooling has been
studied both qualitatively and quantitatively in terms of flow
rate per unit cross-sectional area of the pump, maximum
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pressure head achievable, and power required per unit flow
rate. Recommendations are formulated for different kinds of
cooling systems and different micropumping needs.
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